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Recent experiments have demonstrated that zebra®sh is a vertebrate in which it is possible to carry out large-scale mutagenic
screens to identify genes involved in speci®c developmental pathways. To follow development of the immune system in
zebra®sh, we have analyzed the expression of the recombination activating genes, rag1 and rag2, which we have previously
isolated and characterized. These genes catalyze the rearrangement of immunoglobulin genes in immature B lymphocytes
and of T cell receptor genes in immature T lymphocytes and are therefore appropriate markers to follow the development
of organs containing these cells. By whole-mount in situ hybridization, we detected expression of both rag genes in a
paired organ in the head, beginning on the fourth day after fertilization. Histological examination of this organ indicated
that it corresponds to the thymus, as described for other ®sh, an organ that has not previously been identi®ed in zebra®sh.
By histological analysis, the thymus primordium appears at 54 hr but does not enlarge signi®cantly until 30 hr later.
The thymus continues to enlarge and reaches its mature histological organization at 1 month. The pronephros, the
major hematopoietic organ in the adult ®sh, begins to develop hematopoietic tissue about 2 weeks after fertilization.
By 1 month, mature lymphocytes are distinguishable in the tissue surrounding renal tubules. Lymphocytes appear in
the kidney too late for screening by whole-mount in situ hybridization; however, the pattern of rag1 expression in the
thymus forms the basis of an assay for mutations affecting development of the thymus or its constituent lymphocytes.
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INTRODUCTION choices of B and T lymphocytes in vivo are largely un-
known. In addition, proliferation and maturation of B and
T cells require interactions with stromal cells of the organsThe vertebrate immune response depends on a complex
in which they mature. For example, T cells must acquireinteraction of many specialized organs and cell types, in-
the ability to distinguish self from nonself (reviewed in Ro-cluding prominently B and T lymphocytes. Both of these
dewald, 1995). This process, called ``education,'' requireslymphocyte lineages and the myeloid cell lineage are de-
interactions between the maturing T cells and nonlymphoidrived from a common hematopoietic stem cell (reviewed
stromal cells of the thymus. The genes directing this pro-in Ikuta et al., 1992). Although recent evidence shows the
cess are also largely unknown. The site of B cell maturationexistence of a progenitor cell population capable of generat-
is variable; B cells mature in the bone marrow of mammals,ing both B and T lymphocyte lineages, as well as natural
the bursa of Fabricus of chickens, and probably the kidneykiller and probably dendritic cells (Galy et al., 1995), a self-
of ®sh. Little is known about the cellular interactions be-renewing population of exclusively lymphocyte-producing
tween B cells and the organs in which they mature.cells has not been identi®ed. Much is known about growth
Mutant mouse strains created by targeted gene disruptionfactors that can stimulate lymphoid cell proliferation and
have been useful in studying the functions of factors identi-differentiation in culture, but the genes that regulate lineage
®ed in vitro, and for genes identi®ed by mutational analyses
in other organisms. However, many of these mutant mice
have no or unexpected phenotypes, suggesting that the af-1 To whom correspondence should be addressed. Fax: (617) 253-
8699. E-mail: lsteiner@mit.edu. fected genes do not have the in vivo functions predicted by
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in vitro assays or evolutionary similarity. A method for MATERIALS AND METHODS
identifying novel genes involved in the vertebrate immune
response by in vivo function, through the use of mutational Animals
analysis, is an essential tool for understanding this complex
Wild-type and albino (alb-1/alb-1) D. rerio stocks were obtainedresponse. The teleost, zebra®sh (Danio rerio), has demon-
from C. NuÈsslein-Volhard (TuÈ bingen, Germany) and were rearedstrated potential as a model organism for the study of early
as described (Culp et al., 1991; Lin et al., 1992). Because the ratevertebrate development (Driever et al., 1996; Hafter et al.,
of development is highly dependent on temperature, embryos were
1996; Kimmel, 1989; Mullins et al., 1994). Genetic screens raised in beakers submerged in a water bath at 287C.
are possible in zebra®sh due to the large family size (a single
female can lay hundreds of eggs at a time) and the transpar-
ent embryo, which facilitates the identi®cation of speci®c Probes
mutant phenotypes. We have initiated a descriptive analysis
A 638-bp fragment of the zebra®sh rag1 gene was originally ob-of the immune system of this organism with the goal of
tained by PCR ampli®cation of genomic DNA using degeneratedevising visible screens for identifying mutations that affect
primers designed from the alignment of several rag1 genes
its development. (Greenhalgh and Steiner, 1995). This fragment was cloned into
Teleosts possess all the primary features of an adaptive pBluescript K/S0 (Stratagene) and designated pZr1 (Willett et al.,
immune system, including immunoglobulin (Ig) genes ex- 1997). The rag1 RNA antisense probe was transcribed from HindIII-
pressed by B cells and T cell receptor (TCR) genes expressed digested pZr1 using T7 polymerase; the sense probe was transcribed
by T cells (Partula et al., 1995; Warr, 1995). From studies from XbaI-digested pZr1 using T3 polymerase. The rag2 gene was
subcloned into pBluescript K/S0 as an EcoRI/NotI (pZrag2) (Willettin many vertebrate species, it is known that Ig and TCR
et al., 1997). The rag2 RNA antisense probe was transcribed fromare encoded by multiple gene segments distributed in arrays
HindIII-digested pZr2 using T7 polymerase; the sense probe wasalong the chromosome. As B and T cells mature, the gene
transcribed from XbaI-digested pZr2 using T3 polymerase. RNAsegments encoding the variable regions of Ig or TCR are
probes were labeled with digoxigenin using the Genius labeling kitjoined together by genomic rearrangement [termed V(D)J
(Boehringer-Mannheim) and hydrolyzed for use in whole-mount in
recombination] to form a continuous functional gene. V(D)J situ hybridization (Cox et al., 1984).
recombination is initiated by the products of the highly
conserved recombination activation genes, rag1 and rag2
(Schatz et al., 1989; Oettinger et al., 1990; van Gent et al., Whole-Mount in Situ Hybridization
1995). Although rag1 and rag2 are occasionally expressed
Whole-mount in situ hybridization with sense and antisenseindependently of each other (Carlson et al., 1991; Chun et
RNA probes was performed essentially as described (Schulte-al., 1991; Greenhalgh et al., 1993), the rag genes are ex-
Merker et al., 1992; Wester®eld, 1993) with a few modi®cations.pressed together in maturing B and T lymphocytes. There-
After rehydration, ®sh were treated with proteinase K (Sigma) for
fore, expression of the rag genes can be used to monitor the 10 min at room temperature at concentrations determined empiri-
appearance and location of pre-B and pre-T cells throughout cally for a particular age: 2.5 mg/ml for embryos up to 24 hr old, 10
development of the immune system. mg/ml for embryos 48 to 117 hr old, 25 mg/ml for larvae 120 to 141
We previously cloned the genomic rag locus from zebra- hr old, and 50 mg/ml for ®sh 7 days to 3 weeks old. Proteinase K
digestion was terminated by two rinses in 2 mg/ml glycine in PBST®sh and determined the timing of onset of expression of
[0.16 M NaCl, 0.027 M KCl, 0.02 M sodium phosphate, pH 7.3,rag1 and rag2 during zebra®sh development (Willett et al.,
0.1% Tween (Sigma)]. Hybridization buffer (50% formamide, 511997) (GenBank accession numbers: rag1, U71093; rag2,
SSC, 50 mg/ml heparin, 500 mg/ml tRNA, 0.1% Tween) includedU71094). We have now utilized histological analysis in
9.2 ml/ml 1.0 M sodium citrate (pH 6.0). Probe concentration wascombination with whole-mount in situ hybridization to
2.5±5.0 mg/ml; hybridizations were at 687C overnight. Prior to anti-identify the zebra®sh thymus and to describe the ontogeny
body incubation, the hybridized embryos were blocked with 2%
of the thymus and pronephros (head kidney) during develop- newborn calf serum, 2 mg/ml BSA for 1 hr at room temperature.
ment. The rag1 whole-mount in situ hybridization pattern Anti-digoxigenin (Boehringer-Mannheim) was diluted 1:400 in
in the thymus provides an assay for identifying mutations PBST and preincubated with proteinase K-treated embryos of the
that affect T cell lineage maturation and/or development of same number and age as the hybridized embryos to be developed.
The preincubated antibody was then diluted another 10-fold (to athe thymus.
FIG. 1. Whole-mount in situ hybridization of rag expression during zebra®sh development. (A) Embryos and larvae were harvested at 3-
hr intervals and hybridized with either a rag1 sense or antisense probe. Staining with the rag1 antisense probe shows expression in
bilaterally symmetric spherical regions posterior to the eye. Top row, original magni®cation 551; middle row, original magni®cation
1101; bottom row, staining with the rag1 sense control (original magni®cation 1101). (B) rag1 whole-mount in situ hybridization of a 2-
week-old ®sh. (C) rag1 staining of several 1-week-old ®sh. (D) A 7-day-old ®sh hybridized to rag2 under the same whole-mount hybridization
conditions used for rag1.
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FIG. 2. Sections of ®sh hybridized to rag1 probe identify the zebra®sh thymus. (A) A dorsal view of a 1-week-old ®sh hybridized with
the rag1 antisense probe. The thymus (t) is clearly visible. A line across the posterior head indicates the plane of the section shown in B.
The section in B has been stained with toluidine blue and shows the location of typically lymphoid organs in the head identi®ed as the
bilaterally symmetric thymus (t). The thymus lies just ventral to the otic vesicle (o) in the plane of the heart (h). C and D are sequential
sections of the ®sh shown in A; in addition, C has been stained with toluidine blue which shows that this organ is ®lled with small cells
possessing large nuclei, typical of thymocytes. Comparison of B, C, and D shows that the organ having a typically lymphoid appearance
in B hybridizes to the rag1 probe. b, brain; e, eye; ga, gill arch; h, heart; o, otic vesicle; pf, pectoral ®n; t, thymus.
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®nal dilution of 1:4000) for detection. To decrease background in sion at these sites increased for at least 3 weeks (e.g., Fig.
older ®sh, hybridized ®sh were washed in PBST overnight at 47C 1B). The reproducibility of this rag1 pattern is shown in Fig.
after anti-digoxigenin incubation. rag1 signal was visible after ap- 1C. rag2 expression was identical to that of rag1, except at
proximately 2 hr of staining at room temperature. Fish were re®xed much lower levels (Fig. 1D).
in 4% paraformaldehyde after staining and photographed in glyc-
erol or 3% methyl cellulose.
Histological Identi®cation of the Thymus
Paraf®n and Plastic Sectioning To con®rm the identity of the rag-expressing organ as
the thymus, ®sh were embedded in plastic and sectioned.Wild-type zebra®sh from 24 hr postfertilization to 3 weeks were
Histologically stained sections were compared to sections®xed in 4% paraformaldehyde in PBST. After ®xation, ®sh were
of ®sh that had been stained by with the rag1 probe bydehydrated in methanol and then absolute ethanol. Ethanol was
whole-mount hybridization (Fig. 2). Figure 2A shows a dor-replaced with toluene, two changes of 10 min each, and ®sh were
embedded in melted Peraplast Plus tissue-embedding medium sal view of a 7-day-old ®sh that has been stained with rag1
(Fisher Scienti®c, Co.). Five-micrometer sections were obtained us- by whole-mount hybridization. A line drawn through the
ing a 2050 Reichert-Jung microtome. Paraf®n was removed with pair of hybridizing organs indicates the plane of the section
xylene followed by ethanol, twice for 10 min each, stained with shown in Fig. 2B. In Fig. 2B, a typically lymphoid organ can
Ehrlich's hematoxylin and eosin Y, and mounted under a coverslip be seen in the gill cavity just ventral to the ear, in the same
with Permount (Fisher Scienti®c, Co.).
plane as the heart, characterized by a high density of smallAlbino ®sh less than 2 weeks old were ®xed in one-half strength
cells with large nuclei resulting in dark staining with tolu-Karovsky's buffer (4% paraformaldehyde, 2% glutaraldehyde, 0.1
idine blue. This lymphoid organ is similar in position andM sodium cacodylate buffer, pH 7.0) for 2 to 4 hr on ice. Older ®sh
appearance to the thymus of other teleosts (Groman, 1982;(2 weeks to 1 month) were cut into segments to allow better ®xa-
Fishelson, 1995, Chilmonczyk, 1992). Figures 2C and 2Dtion. Fish that had previously been subjected to whole-mount in
situ hybridization were re®xed in 4% paraformaldehyde in PBS show higher magni®cation of adjacent sections of this
(PBST without Tween) overnight, 47C. After ®xation, ®sh were lymphoid organ in a ®sh that has been hybridized by whole-
rinsed in PBST and dehydrated quickly in increasing concentrations mount hybridization to rag1; Fig. 2C is a section that has
of methanol to 100%. Methanol was replaced with propylene oxide, also been stained with toluidine blue. Comparison of these
two changes of 5 min each. Propylene oxide was replaced with a 1:1 two sections shows that the tissue that hybridizes to the
mixture of PB812:propylene oxide overnight at room temperature
rag1 probe is the lymphoid tissue identi®ed in Fig. 2B as[PB812: 24% (w/v) Polybed 812 resin, 50% (w/v) dodecenyl succinic
the thymus.anhydride, 1% (v/v) 2,4,6-tris (dimethylamino-methyl) phenol; all
from PolySciences, Inc.]. Fish were soaked in a 3:1 mixture of
PB812:propylene oxide for at least 3 hr; this was replaced with pure
Histological Analysis of Thymus and PronephrosPB812 for at least 4 hr. Fish were then polymerized at 607C over-
Developmentnight in fresh PB812. PB812-embedded ®sh were sectioned at 850
nm on a Sorvall MT5000 ultramicrotome equipped with a glass
After identi®cation of the thymus, we examined the ap-knife. Sections were stained with 1% toluidine blue and mounted
pearance of this organ in tissue sections of ®sh harvested atunder a coverslip with PB812.
6-hr intervals beginning at fertilization (Fig. 3). The thymic
primordium was ®rst detected at 54 hr after fertilization as
a small pocket of cells ventral to the otic vesicle (Fig. 3A).RESULTS
The primordial thymus grows slowly for approximately 30
hr (Fig. 3B), after which it rapidly increases in size and ap-Expression of rag1 and rag2
pears ®lled with lymphocytes (Fig. 3C). The thymus contin-
ues to increase in size (Fig. 3D), reaching the adult histologi-Expression of rag1 and rag2 during development was eval-
uated by whole-mount in situ hybridization. Fish were ®xed cal organization at 1 month (Fig. 4). The organ is surrounded
by a connective tissue capsule, except on the pharyngealat 3-hr intervals from fertilization (1 to 2 cell stage) through
Day 7. rag1 expression was ®rst detected at 92 hr in two margin, which is continuous with the pharyngeal epithe-
lium. This feature is common among teleosts (Zapata andbilaterally symmetric regions in the head, just ventral to
the ear and anterior to the pectoral ®n, consistent with the Cooper, 1990; Chilmonczyk, 1992). At higher magni®ca-
tion, it is evident that there are clusters of packed smalllocation of the thymus in other ®sh (Fig. 1A). rag1 expres-
FIG. 3. Histological development of zebra®sh thymus. (A) Thymic primordium 54 hr after fertilization. Thymus at B, 84 hr; C, 90 hr;
and D, 2 weeks. The diagram above each photograph shows its location and the sketch below identi®es the organs. Photos A, B, and D
are of paraf®n sections stained with hematoxylin and eosin Y. Photo C is of a plastic section stained with toluidine blue. B, brain; Ca,
cartilage; GA, gill arches; H, heart; I, intestine; M, muscle; O, otic vesicle; T, thymus.
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FIG. 4. The thymus at 1 month. (A) The thymic epithilium is continuous with the pharyngeal epithilium (location of section is shown
in diagram at left). (B) At higher magni®cation, thymocytes appear as groups of packed cells between nonlymphoid cells, including
epithelial cells. Photos are of plastic sections stained with toluidine blue. B, brain; GA, gill arches; H, heart; I, intestine; O, otic vesicle;
P, pharynx; T, thymus. Lymphoblasts, solid arrows marked ``1''; small lymphocytes, open arrows marked ``2''; epithelial cells, double
arrowheads marked ``3.''
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lymphocytes interspersed among other cells including sup- various stages in the spleen, liver, and bone marrow (sites
of B cell maturation) (Chun et al., 1991; Greenhalgh et al.,porting epithelial cells (Fig. 4B). As in many other teleosts,
the thymus appears to lack the distinct cortical and medul- 1993). In Xenopus, some rag expression was also seen in the
kidney, which may be an ancillary site of B cell maturationlar compartmentalization found in the thymus of most
other vertebrates (Zapata and Cooper, 1990; Chilmonczyk, in frogs. Thus, the rag expression data from ®sh are consis-
tent with those from other vertebrates.1992).
Because the kidney is the major hematopoietic organ in The ontogenesis of hematopoietic tissue in zebra®sh has
adult ®sh, we also examined this organ in tissue sections been studied previously by histological inspection of tissue
of developing ®sh. The kidney ®rst appears at 48 hr after sections at various developmental stages (Al-Adhame and
fertilization as a pair of pronephric ducts along the larval Kunz, 1977). The ®rst hematopoietic tissue in the zebra®sh
tail, closely associated with the caudal vein (Fig. 5A). At embryo was seen in an intraembryonic cell mass just above
this time, hematopoietic tissue is not evident. By 90 hr, the yolk, the so-called intermediate cell mass (ICM), approx-
the number of renal tubules has increased, glomerulae are imately 24 hr after fertilization, when circulation begins.
visible, and isolated cells resembling either hematopoietic At Day 4, the kidney began to differentiate and contained
cells and/or lymphocyte-like cells appear between the renal erythroid cell precursors in its anterior part (pronephros) at
tubules (Fig. 5B). Between 2 and 3 weeks, and more dramati- Day 7. By 2 weeks, both erythrocytes and leukocytes were
cally by 1 month, the pronephros has accumulated large visible in the pronephros, and by 1 month the entire kidney
masses of hematopoietic tissue arranged between large re- was hematopoietic. Between the end of erythropoietic activ-
nal tubules (Fig. 5C). ity of the ICM (at approximately 2 days) and its initiation
in the pronephros, the blood-forming organs of zebra®sh
have not been identi®ed. However, it has been suggested
that the endocardial cells of the primitive heart could as-DISCUSSION
sume such a function (Al-Adhame and Kunz, 1977; Detrich
et al., 1995, Stainier et al., 1995).The location of immature lymphocytes during em-
We have expanded these studies to describe the ontogenybryogenesis was determined by following rag expression by
of lymphoid cells in the thymus and kidney. The thymicwhole-mount in situ hybridization. rag1 expression was
primordium was visible on histological sections at 54 hr®rst observed in two bilaterally symmetric masses of cells
after fertilization (Fig. 3A). The thymus expands graduallyon either side of the head at 92 hr (Fig. 1A); this position is
until 84 hr (Fig. 3B) and then begins to grow more rapidly.consistent with the position of the thymus in other teleosts
The ®rst indication of functionally maturing lymphocytes(Zapata and Cooper, 1990; Chilmonczyk, 1992; Fishelson,
was the onset of rag1 expression at 92 hr, which presumably1995). In addition, the rag1-staining organ has a typically
marks the ®rst rearrangement of TCR genes. At this time,lymphoid appearance (Fig. 2); we therefore conclude that
the thymus is heavily populated with a seemingly homoge-this organ is the zebra®sh thymus. This is the ®rst identi®-
neous population of lymphocytes (Fig. 3C). It is possible thatcation of the thymus in zebra®sh.
the thymus primordium is initially colonized by immatureIn adult zebra®sh (2.5 to 3.5 months), rag1 expression, as
lymphocyte precursors that have not yet begun V(D)J rear-assayed by RNA blot, was detected only in the thymus. By
rangement.RT/PCR, expression was also detected in the pronephros,
The thymus continues to enlarge for at least 1 monthmesonephros, and ovary, but not in the spleen (Willett et
and, by whole-mount hybridization with rag1, the shapeal., 1997). rag2 expression was assayed only by RNA blot
can be seen to change from roughly spherical to crescentand was detected only in the thymus (unpublished results).
(Fig. 1B), as also indicated in our histological study. ThisIn trout, high levels of rag1 and rag2 expression were seen
crescent shape is reminiscent of the medulla and cortex ofonly in the thymus by RNA blot analysis; however, by RT/
the mammalian thymus; however, sections of the zebra®shPCR, lower levels were also detected in the pronephros and
thymus up to 1 month show a homogeneous distributionvery low levels were detectable in the mesonephros and
of lymphocytes throughout the thymus and no demarcationspleen (Hansen and Kaattari, 1996). Also, in mammals and
of a medulla and cortex (Figs. 3D and 4). In agreement withXenopus laevis, relatively high levels of rag expression were
detected in the thymus and lesser amounts were found at this observation, a clear cortical±medullar demarcation is
FIG. 5. Histological development of zebra®sh pronephros. (A) 48 hr, pronephric ducts associated with caudal vein. (B) 90 hr, renal tubules
and glomerulae are visible; isolated cells resembling either primitive hematopoietic cells or lymphocyte-like cells appear (m). (C) 1 month,
hematopoietic tissue occupies the space between large renal tubules and blood vessels. The diagram above the photo shows the plane of
each section and the sketch below identi®es the organs. Photos A and B are of paraf®n sections stained with hematoxylin and eosin Y;
photo C is of a plastic section stained with toluidine blue. BV, blood vessel; CV, caudal vein; G, glomerlus; I, intestine; L, liver; M, muscle;
Mb, muscle bundles; PC, pigment cell; PD, pronephric duct; RT, renal tubule; YS, yolk sac.
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Cox, K. H., DeLeon, D. V., Angerer, L. M., and Angerer, R. C. (1984).lacking in most teleost species examined (Zapata and Coo-
Detection of mRNAs in sea urchin embryos by in situ hybridiza-per, 1990; Chilmonczyk, 1992).
tion using asymmetric RNA probes. Dev. Biol. 101, 485±502.In our whole-mount in situ hybridization experiments,
Culp, P., NuÈ sslein-Volhard, C., and Hopkins, N. (1991). High fre-we did not observe rag1 expression in the kidney, which,
quency germ-line transmission of plasmid DNA sequences in-according to histological observations, is the major hemato-
jected into fertilized zebra®sh eggs. Proc. Natl. Acad. Sci. USA
poietic organ in adult ®sh (Al-Adhame and Kunz, 1977; Gro- 88, 7953±7957.
man, 1982; Hibiya, 1982; Fishelson, 1995). The kidney is Detrich, W. H., Kieran, M. W., Chan, F. Y., Barone, L. M., Yee, K.,
divisible into two anatomically distinct parts: the meso- Runstadler, J. A., Pratt, S., Ransom, D., and Zon, L. I. (1995).
nephros, which carries out ®ltration as well as hematopoie- Intraembryonic hematopoietic cell migration during vertebrate
sis, and the pronephros (or anterior kidney), which is mainly development. Proc. Natl. Acad. Sci. USA 92, 10713±10717.
Driever, W., Sonica-Krezel, L., Schier, A. F., Heuhauss, S. C. F., Ma-hematopoietic, although its initial function is ®ltration.
licki, J., Stemple, D. L., Stainier, D. Y. R., Zwartkruis, F., Abdeli-The pronephros begins to develop at 48 hr after fertiliza-
hah, S., Rangini, Z., Belak, J., and Boggs, C. (1996). A genetiction, before the thymic primordium is visible (Fig. 5A); how-
screen for mutations affecting embryogenesis in zebra®sh. Devel-ever, it consists mainly of renal tubules until long after rag1
opment 123, 37±46.expression is ®rst detected in the thymus. It is not until 2
Fishelson, L. (1995). Cytological and morphological ontogenesis
weeks that signi®cant amounts of hematopoietic tissue be- and involution of the thymus in cichlid ®shes (Cichlidae, Teleos-
gin to accumulate. This order of appearance is consistent tei). J. Morphol. 223, 175 ±190.
with histological ®ndings in other teleosts (reviewed in Za- Galy, A., Travis, M., Cen, D., and Chen, B. (1995). Human T, B,
pata et al., 1996). It is possible that our failure to detect the natural killer, and dendritic cells arise from a common bone
kidney by whole-mount hybridization before 2 weeks is due marrow progenitor cell subset. Immunity 3, 459±473.
to the lack of lymphoid cells. We have not established the Greenhalgh, P., Olesen, C. E. M., and Steiner, L. (1993). Character-
ization and expression of recombination activating genes (RAG-limit of detection of whole-mount in situ hybridization in
1 and RAG-2) in Xenopus laevis. J. Immunol. 151, 3100±3110.terms of density of rag1-expressing cells. It is also possible
Greenhalgh, P., and Steiner, L. A. (1995). Recombination activatingthat the probe cannot penetrate suf®ciently deep into a ®sh
gene 1 (Rag-1) in zebra®sh and shark. Immunogenetics 41, 54±of that age and size to reach the kidney. To evaluate the
55.expression of rag1 in the kidney, and to characterize
Groman, D. B. (1982). ``Histology of the Striped Bass,'' Monograph
lymphoid development in the zebra®sh in more detail, we No. 3. American Fisheries Soc., Bethesda, MD.
are examining by in situ hybridization sections of ®sh har- Hafter, P., Granato, M., Brand, M., Mullins, M. C., Ham-
vested at various time points throughout development. In merschmidt, M., Kane, D. A., Odenthal, J., van Eeden, F., Jiang,
addition to the rag probes, we are developing probes that Y.-J., Heisenberg, C.-P., Kelsh, R. N., Furutani-Seiki, M., Warga,
are speci®c for B and T lymphocytes. R., Vogelsand, E., Beuchle, D., Schack, U., Fabian, D., and NuÈss-
lein-Volhard, C. (1996). The identi®cation of genes with unique
and essential functions in the development of the zebra®sh, Da-
nio reno. Development 123, 1±36.ACKNOWLEDGMENTS
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